The herpes simplex virus (HSV) glycoprotein heterodimer gE/gI plays an important role in virus cell-to-cell spread in epithelial and neuronal tissues. In an analogous fashion, gE/gI promotes virus spread between certain cell types in culture, e.g., keratinocytes and epithelial cells, cells that are polarized or that form extensive cell junctions. One mechanism by which gE/gI facilitates cell-to-cell spread involves selective sorting of nascent virions to cell junctions, a process that requires the cytoplasmic domain of gE. However, the large extracellular domains of gE/gI also appear to be involved in cell-to-cell spread. Here, we show that coexpression of a truncated form of gE and gI in a human keratinocyte line, HaCaT cells, decreased the spread of HSV between cells. This truncated gE/gI was found extensively at cell junctions. Expression of wild-type gE/gI that accumulates at intracellular sites, in the trans-Golgi network, did not reduce cell-to-cell spread. There was no obvious reduction in production of infectious HSV in cells expressing gE/gI, and virus particles accumulated at cell junctions, not at intracellular sites. Expression of HSV gD, which is known to bind virus receptors, also blocked cell-to-cell spread. Therefore, like gD, gE/gI appears to be able to interact with cellular components of cell junctions, gE/gI receptors which can promote HSV cell-to-cell spread.
The alphaherpesviruses herpes simplex virus (HSV) types 1 (HSV-1) and 2, varicella-zoster virus (VZV), and pseudorabies virus (PRV) replicate primarily in epithelial tissues before spreading into neurons where they establish latency. These viruses are extraordinarily adept at spreading rapidly from cell to cell in both these tissues. Given that alphaherpesviruses establish lifelong infections, cell-to-cell spread appears to be especially important in order for these viruses to outrun the immune system, especially after reactivation in hosts that have fully primed immunity. Consistent with this, HSV, PRV, and VZV all remain largely cell associated; large numbers of progeny virions accumulate on cell surfaces, especially at cell junctions in polarized epithelial cells (23) . Moreover, virus mutants with specific defects in cell-to-cell spread that do not affect entry at apical surfaces are extremely attenuated in vivo (reviewed in references 15 and 21) . It has been proposed elsewhere that alphaherpesviruses have evolved specialized mechanisms to allow specific sorting of virions to epithelial and neuronal cell junctions and the efficient transfer across junctions to promote infection of adjacent cells (14, 21) .
HSV, PRV, and VZV all express a glycoprotein heterodimer, gE/gI, that promotes cell-to-cell spread (19, 20, 25, 49, 50) . In the case of HSV and PRV, gE/gI was originally thought to be nonessential based on observations that gE Ϫ or gI Ϫ mutants enter cultured laboratory cells and replicate normally in the cells. However, PRV and HSV gE Ϫ or gI Ϫ mutants are severely compromised in epithelial and neuronal tissues (1, 6, 7, 12, 13, 33, 37, 43, 44, 46) . Moreover, gE/gI can be important for HSV cell-to-cell spread in certain cultured epithelial cells, especially human endometrial HEC-1A cells and keratinocytes, cells that form extensive cell junctions (14, 48) , as well as in cultured neurons (13) . One mechanism by which gE/gI apparently facilitates cell-to-cell spread involves the sorting of newly assembled HSV virions to lateral cell surfaces and cell junctions (23) . Mutant HSV lacking gE, or just the cytoplasmic (CT) domain of gE, accumulated more extensively in the cytoplasm, at apical cell surfaces, and in cell culture supernatants than did wild-type HSV particles, which were found predominantly at cell junctions. The CT domain of gE is essential for gE/gI to mediate cell-to-cell spread (44, 48) and plays an important role, along with other viral glycoproteins, in the envelopment of HSV and PRV particles in the cytoplasm. PRV mutants lacking gE or the gE CT domain and also PRV gM (2) and an HSV lacking gD and gE (A. Farnsworth, K. Goldsmith, and D. C. Johnson, unpublished results) do not form cytoplasmic enveloped particles. Together these results suggest that gE/gI acts to promote envelopment into cytoplasmic vesicles that are sorted to cell epithelial junctions, a process which would obviously facilitate cell-to-cell spread (21) .
There is also evidence that the large extracellular (ET) domains of gE/gI can participate in cell-to-cell spread. We observed accumulation of gE/gI at cell junctions at intermediate to late stages of HSV replication in epithelial cells, while other HSV glycoproteins were found more extensively on apical surfaces (14, 31) . This appeared to involve anchoring of gE/gI to components of cell junctions that occurred after gE/gI was sorted to lateral cell surfaces. Recently, there were constructed mutant gE molecules with small insertions in the ET domain that fold relatively normally, bind gI, and traffic to the cell surface but do not promote cell-to-cell spread (K. Goldsmith, K. Polcicova, and D. C. Johnson, unpublished data). We hypothesized that gE/gI, and specifically the ET domain of gE/gI, promotes cell-to-cell spread by a receptor mechanism, binding components of cell junctions to promote entry into adjacent cells (14, 21, 23, 48) . The genes encoding gE and gI are located adjacent to that of gD and may have evolved by duplication of a common ancestor (29) . gD is now a well-characterized receptor-binding glycoprotein (reviewed in 40). Three types of early experiments initially demonstrated that HSV gD binds cellular receptors important for virus entry: (i) comparisons of HSV particles with or without gD demonstrated differential blocking of virus receptors (22) , (ii) soluble forms of gD blocked entry and bound to saturable cell surface sites (18) , and (iii) cells stably transfected with gD were resistant to HSV infection (4, 24, 36) . In the interference experiments, it is believed that gD expressed in trans apparently bound gD receptors either in cytoplasmic membranes or on the cell surface and sequestered the cellular molecules, rendering them unavailable to incoming virus.
In order to examine gE/gI as a potential receptor-binding glycoprotein, we have coexpressed a truncated form of gE lacking the CT domain (gE⌬CT) and gI in human keratinocytes by using replication-defective (E1 Ϫ ) adenovirus (Ad) vectors. HSV cell-to-cell spread was markedly reduced in keratinocytes coexpressing gE⌬CT and gI. There was no inhibition of HSV replication, and HSV particles accumulated at cell junctions. These results are consistent with the hypothesis that gE/gI acts to bind cellular receptors concentrated at cell junctions.
MATERIALS AND METHODS

Cells and herpesviruses.
All cell culture media were purchased from BioWhittaker Inc., Walkersville, Md. HaCaT cells (48) were grown in Dulbecco's minimum essential medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (HyClone). 293 cells (Microbix, Toronto, Ontario, Canada) and 293-cre4 cells (34) were grown in DMEM with 10% fetal bovine serum and passaged as described by Microbix. Wild-type HSV strain F; a gE-null mutant derived from F, F-gE␤; and a gI-null mutant, F-gIGFP, in which green fluorescent protein sequences replace gI coding sequences, were propagated, and their titers were determined, on Vero cells.
Ads. AdgD, also designated elsewhere as AdgD(E1Ϫ), was described previously (3). Ad vectors expressing wild-type gE and gI from the human cytomegalovirus (HCMV) immediate-early promoter have also been described previously (14) . Two additional Ad vectors expressing gE and gI under the control of a tetracycline-transactivated promoter were constructed: AdtetgE⌬CT (also designated AdgE⌬CT here) and AdtetgI. To construct AdtetgE⌬CT, gE structural sequences were PCR amplified with Vent polymerase (Promega) from pU-CUS7/8, a plasmid containing a 3.1-kb fragment of HSV-1 F encompassing all of the gE coding sequences and the 3Ј end of the gI gene described previously (48) . The primers used were 12930 gE-tail-F (5ЈGACGCAAGCTTATCCCCGGGA CATGGATCGC; underlined area is HindIII site) and 12929 gE-tail-R (5ЈTAT CAAATCGCCGGCGCCCTTACCCGAGGCCCTGC; underlined area is NotI site). The PCR product contained all of the 5Ј coding sequences of gE but was truncated after residue 462, so that 16 residues of the gE CT domain remained. The PCR was purified, subjected to digestion with HindIII and NotI, and ligated into HindIII/NotI-digested pAdtet7. The entire gE coding region was sequenced. Since no stop codon was inserted at the 3Ј end of the gE coding sequences, 13 additional residues were added to the gE CT domain: AGPPRWSSSFCSL. The truncated gE gene was inserted into a shuttle vector, pAdtet7, which contains loxP sites; a basal HCMV promoter that is regulated by a tetracycline transactivator protein; and flanking Ad sequences (9, 45) . AdtetgI was constructed by removing gI coding sequences from plasmid pCA3gI (14) by using EcoRI and BamHI and inserting the sequences into pAdtet7, which was digested with EcoRI and BamHI and then sequenced. The gE and gI sequences present in plasmids pAdtetgE⌬CT and pAdtetgI were used to construct recombinant E1 Ϫ Ad vectors as described previously (9, 45) . Briefly, 293-cre4 cells (34) were transfected with Ad type 5 (Ad5) psi5 DNA and plasmid pAdtetgE⌬CT or pAdtetgI. After 3 to 5 days, infectious virus was harvested and passaged three sequential times on Cre4 cells. Larger virus stocks were prepared, and their titers were determined, on 293 cells.
Radiolabeling of cells and immunoprecipitation.
HaCaT cells were infected with wild-type HSV-1 F, F-gE␤, or F-gIGFP with 10 to 25 PFU/cell; with Ad vectors AdgE(E1Ϫ) and AdgI(E1Ϫ) with 150 PFU of each virus per cell; or with AdtetgE⌬CT (150 PFU/cell), AdtetgI (150 PFU/cell), and AdTet-trans (80 PFU/ cell). After 5 h of infection with HSV-1 F or 22 h of infection with Ad vectors, the cells were washed three times with DMEM lacking cysteine and methionine and labeled for 3 h in this medium supplemented with [
35 S]methionine-cysteine (75 mCi/ml; New England Nuclear, Boston, Mass.). Cell extracts were prepared with 50 mM Tris HCl (pH 7.5)-100 mM NaCl-1% NP-40-0.5% sodium deoxycholate containing 2 mg of bovine serum albumin per ml and 1 mM phenylmethylsulfonyl fluoride. gE/gI complexes were immunoprecipitated with anti-gE monoclonal antibody (MAb) 3063 or gI, and proteins were analyzed on 10% polyacrylamide gels as previously described (48) .
Confocal immunofluorescence microscopy. HaCaT cells were grown on Nunc Permanox eight-well slides until 70% confluent and then coinfected with AdtetgE⌬CT (150 PFU/cell), AdtetgI (150 PFU/cell), and AdTet-trans (80 PFU/ cell) or with AdgE(E1Ϫ) and AdgI(E1Ϫ) with 150 PFU of each per cell for 24 h. The cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min and then permeabilized with 0.2% Triton X-100 in PBS for 5 min, washed three times in PBS containing 0.02% Tween 20 (PBS-T), and then incubated in blocking buffer: PBS-T containing 2% goat serum, 1% fish gelatin, and 2% bovine serum albumin. The cells were stained with rat anti-gE/gI and simultaneously with sheep anti-TGN46 or rabbit anti-␤-catenin as described previously (31) .
Plaque assays measuring cell-to-cell spread. HaCaT cells growing in 35-mmdiameter plastic dishes were not infected with Ad vectors or were infected with AdTet-trans (300 PFU/cell), AdtetgI (300 PFU/cell), AdgE(E1Ϫ) and AdgI(E1Ϫ) (150 PFU of each per cell), AdgE⌬CT and AdtetgI (150 PFU of each per cell), AdgD (300 PFU/cell) or AdgE⌬CT (100 PFU/cell), AdtetgI (100 PFU/cell), and AdgD (200 PFU/cell). After 12 h the cells were infected with wild-type HSV-1 F or F-gE␤ (approximately 100 PFU/dish), and then the monolayers were incubated for 48 h in medium containing 0.2% pooled human gamma globulin (a source of anti-HSV neutralizing antibodies). The cells were then fixed in PBS containing 4% paraformaldehyde for 20 min, washed with PBS containing 0.1% Tween 20 for 10 min, and then stained with rabbit polyclonal anti-HSV antibodies and donkey anti-rabbit immunoglobulin G antibodies conjugated with horseradish peroxidase as described previously (48) .
Electron microscopy. HaCaT cells were infected as described for plaque assays with Ad vectors for 12 h and then infected with HSV-1 (F) with 0.3 or 3.0 PFU/cell for 17 to 19 h. The cells were fixed with 2.5% glutaraldehyde in PBS for 20 min, washed with 100 mM sodium cacodylate buffer (pH 7.5), scraped from the plates, pelleted, prestained, and stained as described previously (23). The cell pellets were then embedded in epoxy resin, and thin sections were cut and viewed in a Philips Morgagni 268 transmission electron microscope. Images were captured with an Amount 2K digital camera.
RESULTS
Construction and characterization of an Ad vector expressing HSV gE lacking the CT domain.
Previous results showed that gE/gI accumulates extensively in the trans-Golgi network (TGN) when expressed with Ad vectors and also early after HSV infection (31) . The CT domain of gE plays an important part in this TGN localization, as gE/gI was more extensively found on lateral and apical cell surfaces in cells infected with an HSV lacking the gE CT domain (F-gE⌬CT) (48) . Moreover, transfer of the gE CT domain, but not the gI CT domain, onto gD caused gD to be TGN localized (31) . In order to determine if gE/gI could be expressed on the cell surface and potentially inhibit cell-to-cell spread, we constructed a recombinant Ad vector expressing a gE polypeptide lacking the CT domain. All but 16 residues of the 106-amino-acid CT domain were removed, so that this truncated gE lacks all of the recognized sorting motifs. This truncated gE was inserted into a shuttle plasmid and used to produce a recombinant Ad vector, designated AdgE⌬CT, by using 293-cre4 cells (34) . A second Ad vector, AdtetgI, expressing wild-type (full-length) HSV-1 gI under the control of the tetracycline-regulated HCMV promoter was constructed by similar methods. Expression of both gE⌬CT and gI was dependent upon coinfection of cells with VOL. 77, 2003 HSV gE/gI INTERFERES WITH CELL SPREAD 2687
another Ad vector, AdTet-trans, that expresses the tetracycline transactivator protein that activates the tetracycline-regulated promoter (9, 45) . Expression of gE⌬CT and gI was assessed by coinfecting HaCaT cells with AdtetgE⌬CT and AdtetgI, radiolabeling the cells, and immunoprecipitating the gE/gI complex. MAb 3063 recognizes gE in the context of the gE/gI complex but does not recognize gE when expressed without gI (T. Wisner, unpublished results). In cells coinfected with AdgE⌬CT and AdtetgI, MAb 3063 precipitated a series of protein species ranging in apparent molecular mass from 82 to 65 kDa, including several species that comigrated with those observed in F-gE⌬CT-infected cells, as well as smaller, immature forms of gE and gI (Fig. 1, left panel) . Note that gE and gI are both glycosylated 35 S]methionine-cysteine for 3 h, cell extracts were produced, and gE/gI complexes were immunoprecipitated with MAb 3063, which recognizes gE in gE/gI complexes, or MAb 3104, which recognizes gI in gE/gI complexes. Samples were subjected to electrophoresis in polyacrylamide gels, and radiolabeled proteins were identified by using a PhosphorImager. The positions of gE (mature gE expressed by wild-type HSV-1), gE⌬CT/gI (expressed by F-gE⌬CT and by coinfection with AdgE⌬CT and AdtetgI), gI (mature gI), and pgI (immature gI) and molecular mass markers of 97, 67, 45, and 31 kDa are indicated.
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with N-and O-linked oligosaccharides and phosphorylated and that gE is modified with fatty acid and sulfated (22a). However, the important observations were that (i) the largest of the protein bands in AdgE⌬CT/gI-infected cells was ϳ10 kDa smaller than mature gE in HSV-infected cells (designated gE in Fig. 1, ϳ92 kDa) , consistent with loss of the gE CT domain, and (ii) a complex of gE⌬CT and gI was clearly formed. MAb 3104 recognizes gI without gE but prefers the gI in complex with gE and precipitated complexes of gE⌬CT/gI from AdgE⌬CT/gI-infected cells (Fig. 1, right panel) . We concluded that these Ad vectors could be used to express a complex of gE⌬CT/gI in a robust and sustained manner. The subcellular distribution of gE⌬CT was determined by confocal immunofluorescence microscopy. As in previous experiments, wild-type gE/gI expressed by coinfecting cells with AdgE(E1Ϫ) and AdgI(E1Ϫ) colocalized extensively with the TGN marker TGN46 (Fig. 2) . There was little wild-type gE/gI at cell junctions stained with ␤-catenin antibodies. By contrast, gE⌬CT/gI was observed extensively at cell junctions, colocalizing with ␤-catenin (Fig. 2) .
Expression of gE⌬CT/gI in trans reduces cell-to-cell spread.
Previously, we found that HSV cell-to-cell spread in a human keratinocyte cell line, HaCaT, was dependent on gE/gI, so that five-to eightfold-fewer cells were infected by a gE Ϫ HSV-1 mutant (48) . To test the effects of expression of gE⌬CT/gI on HSV cell-to-cell spread, HaCaT cells were infected with various doses of replication-defective Ad vectors AdgE⌬CT and AdtetgI for various times. The cells were then infected with small amounts of HSV (50 to 200 PFU/dish), and plaques were stained after 2 days. These experiments demonstrated that transduction of HaCaT cells with AdgE⌬CT and AdtetgI with 100 to 300 PFU/cell (measured on complementing 293 cells) for 12 h followed by infection of the cells with HSV-1 with ϳ100 PFU/dish for 48 h gave optimal results. It is important to note that these E1 Ϫ Ad vectors do not replicate significantly on human cells other than complementing 293 cells, although at higher doses (Ն500 PFU/cell) or after longer periods cytopathic effects associated with limited E1-independent replication do occur. However, after 12 h even with 300 PFU/cell, there was little or no cytopathic effect and, from previous observations, HSV replication occurred normally in the cells (see also below). HSV plaques formed on AdgE⌬CT/gI-transduced HaCaT cells were significantly smaller than those formed on cells infected with control Ad vector, AdTet-trans, or on cells not infected with any Ad vector (Fig. 3) . There was no reduction in the sizes of HSV plaques when cells were transduced with gI alone (AdtetgI) or with wild-type gE and gI [AdgE(E1Ϫ)/gI]. However, gD delivered with AdgD reduced plaques significantly (Fig. 3) . When ϳ20 randomly chosen plaques were photographed and analyzed digitally, the diameters of HSV plaques formed on AdgE⌬CT/gI-infected cells were approximately 35% the size of those formed on control cells infected with AdTet-trans or not infected with an Ad vector (Table 1) . Thus, there were approximately 87% fewer cells infected by HSV when gE⌬CT/gI was expressed in cells than when it was expressed in controls. Similarly, gD expression reduced plaque size by approximately 50%, so that 72% fewer cells were infected compared with controls. There was no further reduction in the sizes of HSV plaques when both gD and gE⌬CT/gI were coexpressed in HaCaT cells, compared with expression of gE⌬CT/gI alone (Table 1) , although lower doses of each Ad vector were used to avoid cytopathic effects. There was no significant reduction in plaque size when wild-type gE/gI (which accumulates in the TGN) or gI alone was expressed. Moreover, plaques produced by the gE Ϫ mutant F-gE␤ were not reduced in size by prior expression of gE⌬CT/gI ( Table 1) .
The number of plaques formed on cells expressing gD was reduced by ϳ10-fold, consistent with previous observations that gD expression blocks entry (4, 24, 36). Inhibition of entry, i.e., reduced numbers of plaques, was not observed with gE⌬CT/gI or gE/gI. We concluded that expression of gE⌬CT/gI in HaCaT cells significantly reduced the sizes of HSV plaques to the sizes of those produced by a gE Ϫ mutant; however, there was no obvious inhibition of entry of HSV.
HSV replication on HaCaT cells transduced with gE⌬CT/gI. In order to determine whether there was inhibition of HSV replication, HaCaT cells were transduced with AdgE⌬CT/gI for 12 h and then infected with HSV-1 (10 PFU/cell) for 17 h. The cells and media were harvested, and infectious HSV was assayed. There were no large differences in the yields of infectious HSV when cells were first infected with either AdgE⌬CT/gI or AdgE(E1Ϫ)/gI compared to control cells not infected with Ad vectors (Table 1) . To establish this further, single-step growth analyses were performed. Cells were transduced with Ad vectors and then infected with HSV-1 for various times before infectious HSV was harvested and its titers were determined. There were no differences in the yields of HSV produced at early or late times, whether the cells were infected with AdgE⌬CT/gI or AdTet-trans or not infected with Ad vectors (Fig. 4) . Therefore, replication of HSV is not compromised by transduction of cells with AdgE⌬CT/gI or other Ad vectors.
Accumulation of HSV particles at cell junctions. Given the effects of gE/gI on sorting of virus particles described previously (23), gE⌬CT/gI expression might potentially cause intracellular accumulation or mislocalization of HSV particles. This appeared unlikely given that wild-type gE/gI, a glycoprotein complex that accumulates at intracellular sites, did not reduce cell-to-cell spread. However, to characterize this further, electron microscopic analyses were performed. As in previous experiments with HEC-1A cells, HSV-infected HaCaT cells (not infected with Ad vectors) displayed numerous virus particles that accumulated at cell junctions (Fig. 5A) . With HaCaT cells it was more difficult to discern apical versus lateral versus basal surfaces, as the morphology of these cells is less cuboidal and more squamous. However, as before, there were relatively few intracellular particles and large-scale accumulation of virions in the spaces between closely apposed cells. Cells transduced with AdtetgI before HSV infection also displayed large numbers of virus particles present in the spaces between cells (Fig.  5B and C) . Similarly, HSV particles were found at cell junctions of cells transduced with AdgD ( Fig. 5D and E) . There was no reduction of the numbers of virus particles observed when the cells were infected with AdtetgI or AdgD compared with those for cells that were not infected with an Ad vector. Thus, there were no negative effects of Ad infection or of expression of gD or gI on production of HSV particles and accumulation of these particles at cell junctions.
Cells transduced with AdgE⌬CT/gI before infection with 3 PFU of HSV-1 per cell also displayed extensive accumulation of virus particles at cell junctions (Fig. 5F ). Importantly, there was not abnormal accumulation of HSV particles in the cytoplasm of gE⌬CT/gI-expressing cells. HSV particles were also found at cell junctions when cells were transduced with AdgE⌬CT/gI and then infected with HSV with lower multiplicities, e.g., 0.3 PFU/cell, where some of the cells were not obviously producing virus particles (Fig. 5G and H) . In a significant fraction of AdgE⌬CT/gI-infected cells, there was accumulation of a double, triple, or quadruple row of virus particles between cells. This was also observed occasionally in cells infected with AdgD ( Fig. 5D and E) . By contrast, multiple rows of virions in the space between cells were more rarely observed in cells transduced with AdtetgI ( Fig. 5B and C) or when no Ad vectors were applied (Fig. 5A) . We concluded from these experiments that gE⌬CT/gI expression does not cause accumulation of HSV particles in the cytoplasm. Instead, particles accumulate largely at cell junctions and, in some cases, in multiple rows of enveloped virions.
DISCUSSION
HSV and PRV gE/gI are particularly interesting molecules because they promote cell-to-cell spread, but the effects of these glycoproteins are specific to cells that are polarized or that form extensive cell junctions, i.e., biologically relevant epithelial cells and neurons. In epithelial and neuronal tissues gE/gI is similarly important for virus spread. However, gE/gI HaCaT cells were infected with various Ad vectors or combinations of vectors with 300 PFU/cell for each of the single infections with AdTet-trans, AdtetgI, and AdgD; 150 PFU of each virus per cell for the dual infections, AdgE(E1Ϫ)/gI and AdgE⌬CT/gI; and 100, 100, and 200 PFU/cell, respectively, for the AdgE⌬CT-AdtetgI-AdgD infections. After 12 h, the cells were infected with wild-type HSV-1 strain F or the gE-null mutant, F-gE␤, with ϳ100 PFU/dish for 48 to 60 h.
b The cell monolayers were fixed and stained with polyclonal anti-HSV antibodies, secondary peroxidase-conjugated antibodies, and peroxidase substrate. The diameter of ϳ20 plaques was measured, and standard deviations are shown.
c The numbers of plaques produced on cells not infected with Ad vectors were arbitarily set at 100, and plaques formed on other monolayers were compared to this. does not facilitate entry of extracellular virions at apical surfaces. It is not yet clear how gE/gI functions to mediate cellto-cell spread, although we have some clues. gE and gI are structurally and genetically related to gD, a viral glycoprotein that is absolutely required for entry of extracellular virus particles into cells. All three of these glycoproteins appear to have been derived from a common ancestor (30) . Given that VZV has no gD (10) and appears to rely on gE/gI for entry and cell-to-cell spread, it is likely that the ancestral glycoprotein was more closely related to gE or gI than to gD. HSV gD is essential for both virus entry and cell-to-cell spread (13, 28) and binds nectin-1, a cell adhesion molecule found largely at epithelial cell junctions (reviewed in reference 40). By contrast, PRV gD is not required for cell-to-cell spread, either in cultured cells or in vivo; once virus can enter into cells, it can spread without gD (17, 32, 35, 38) .
One mechanism by which HSV and PRV gE/gI can promote cell-to-cell spread in cultured epithelial cells involves sorting of nascent virions to cell junctions (23) . The relatively large cytoplasmic tails of gE and gI affect concentration of gE/gI in TGN compartments, which apparently leads to sorting to epithelial cell junctions. The notion that gE/gI can promote envelopment in the TGN is supported by recent observations that PRV gE Ϫ gM Ϫ double mutants and an HSV gE Ϫ gD Ϫ double mutant fail to produce enveloped virions and accumulate unenveloped capsids in the cytoplasm (2; Farnsworth et al., unpublished). It was proposed previously that gE/gI promotes envelopment of nascent HSV particles into subdomains of the TGN that are sorted preferentially to lateral surfaces of polarized epithelial cells, a process that would promote movement to adjacent cells (21, 23) .
There is also evidence that the extracellular domains of gE and gI participate in cell-to-cell spread by binding to components of cell junctions (21, 23, 31, 48) . gE/gI preferentially accumulates at lateral cell surfaces, not on apical surfaces, at late stages of HSV infection (14) and when gE lacking the CT domain was coexpressed with gI with Ad vectors in this report. Small insertion mutations in the ET domain of gE inhibited cell-to-cell spread as significantly as was observed when gE was deleted entirely, and yet these gE ET domain mutants folded normally, bound gI, and reached the cell surface (Goldsmith et al., submitted). In this report we describe interference with cell-to-cell spread: when gE⌬CT/gI was expressed in keratinocytes, plaque sizes were reduced so that only 12 to 15% the number of cells was infected compared with controls. This inhibition in cell-to-cell spread was similar to that observed when gE was deleted. However, another form of gE/gI, wildtype gE/gI, which accumulates largely in the TGN, did not affect plaque size. Thus, this interference apparently occurs at the cell surface. Moreover, expression of gE⌬CT/gI did not lead to inhibition of HSV replication and virions accumulated not in the cytoplasm but on cell surfaces, largely at cell junctions. There was often, although not always, a double, triple, or even quadruple row of virions at the junctions of cells expressing gE⌬CT/gI. This was less frequently observed in cells expressing gI alone, suggesting that interference caused a virion traffic jam as virus particles moved across cell junctions.
Together these observations are consistent with the notion that gE⌬CT/gI acts at the cell surface, and not at intracellular sites, to block HSV cell-to-cell spread. One might argue that gE⌬CT/gI does not accurately reflect the properties of wildtype gE/gI, which accumulates extensively in the TGN. In HSV-infected cells, gE/gI accumulates in the TGN at early times but later moves to lateral surfaces of epithelial cells (31) . The virion envelope includes gE/gI that could interact with gE/gI receptors at cell junctions, perhaps in a receptor mechanism to facilitate HSV entry into an adjacent cell. To confirm and extend these observations, stably transfected cells are being constructed. However, in this case, use of Ad vectors had several major advantages over transfected cells because (i) clones of transfected cells differ among themselves in many ways, (ii) it was possible to test several different cell types, and (iii) we could coexpress gE/gI and gD in the same cells.
Previous observations that HSV and PRV gD expression in cells blocked entry of HSV and PRV were interpreted in two ways. First, it was suggested that gD expressed in cells, either at the cell surface or internally, could sequester receptors required for HSV or PRV entry (4, 24, 36) . This was similar to the interference first described for avian retroviruses where infection of cells with one retrovirus blocked subsequent infection by another retrovirus utilizing the same receptor (39, 41, 42) . The notion of cell surface gD receptors was first proposed to explain results involving HSV gD Ϫ mutants that adsorbed onto, but did not enter, cells and which lacked the ability to interact with a limited set of virus receptors (22, 28) . These receptors were enumerated in studies involving soluble forms of gD that blocked virus entry but not adsorption (18) . Other glycoproteins, e.g., gB, did not appear to possess saturable receptors (18) . A second model for gD-mediated interference was proposed later and suggested that cell-associated gD interacts with gD or some other viral protein in the virion (5, 11) . This was based on observations with mutant gD molecules involving residue 25 or 27 that rendered HSV resistant to interference by wild-type gD or that reduced interference activity when transfected into cells. Given our present state of knowledge of gD receptors, it appears likely that this second model is not correct; more likely mutations at the N terminus of gD affected affinities with various gD receptors (8, 47) .
Our observations have important implications for understanding cell-to-cell spread and the role of gE/gI in this process. The results support a model in which gE/gI mediates interactions with cellular molecules, receptors that enhance cell-cell spread so that expression of gE⌬CT/gI in trans interferes with this interaction. gD also interfered with cell-to-cell spread, although in HaCaT cells induced to express gD by using these Ad vectors this inhibition was less extensive than that with gE⌬CT/gI. Coexpression of both gD and gE⌬CT/gI in cells did not reduce plaque size beyond that observed with gE⌬CT/gI. It is not clear from these results whether gD and gE⌬CT/gI bind molecules that are identical, although these molecules appear to function similarly at cell surfaces and to promote entry into adjacent cells. We have been unable to find any evidence that gE/gI binds the gD receptor nectin-1 or HveA in enzyme-linked immunosorbent assays involving purified, soluble gE/gI and gD receptors (26, 27 ; M. Huber, C. Kummenacher, G. Cohen, R. Eisenberg, and D. C. Johnson, unpublished results). However, it is important to note that gD is absolutely required for cell-to-cell spread in HaCaT cells (17) . Without gD, HSV does not spread beyond a single infected cell. Therefore, to explain the incomplete nature of the VOL. 77, 2003 HSV gE/gI INTERFERES WITH CELL SPREAD 2693 gD interference that we observed, it is likely that the Ad vectors do not express sufficient quantities of gD or that there is insufficient access to all the gD receptors in HaCaT cells which have high levels of nectin-1 (17) . In summary, we observed that expression of gE/gI at cell junctions blocks HSV cell-to-cell spread, causing accumulation of virions at junctions. These observations support the hypothesis that gE/gI binds to components of cell junctions, gE/gI receptors, to promote movement of virus across epithelial cell junctions.
